D
ue to the global increase in multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB) (1), already approved drugs, such as trimethoprim-sulfamethoxazole (SXT), have been reinvestigated with favorable results (2, 3) . However, very few highly drug-resistant isolates have been tested, despite the main potential of SXT being in the treatment of XDR-TB. The active component of SXT regarding Mycobacterium tuberculosis is sulfamethoxazole (SMX) (3) (4) (5) (6) (7) (8) (9) , although it is unknown whether its effect is mainly extra-or intracellular. Therefore, the objective of this study was to determine the extra-and intracellular activities of SMX against both MDR-and XDR-TB isolates and to explore a ratio of the unbound area under the concentration-time curve from 0 to 24 h over MIC (fAUC 0 -24 / MIC) using Ն25 as a potential target and the associated cumulative fraction response values (10) at different doses of SMX.
In this study, 100 M. tuberculosis isolates with unique restriction fragment length polymorphism (RFLP) patterns were included, comprising 14 consecutive fully susceptible wild-type isolates, 48 MDR-TB isolates, 13 XDR-TB isolates, and the remainder with mixed resistance patterns, referred to as non-MDR/XDR-TB isolates. The pansusceptible strain H37Rv (ATCC 27294) was used as a control.
A stock solution of trimethoprim (TMP) and SMX diluted in dimethyl sulfoxide (DMSO) and 1 M NaOH, respectively, was prepared in serial two-step dilutions, reaching a final concentration range of 0.008 to 8/0.15 to 152 of TMP and SMX, respectively (ratio of 1:19). The MICs were determined using Middlebrook 7H10 (7H10) medium (n ϭ 84), as previously described (11) . In Bactec 960 MGIT (MGIT; Becton, Dickinson, Franklin Lakes, NJ, USA) tubes, 17 isolates were included (14 fully susceptible wildtype isolates, two isoniazid-resistant isolates, and one MDR-TB isolate).
The MIC distribution of the 84 drug-resistant M. tuberculosis isolates in 7H10 ranged from 2.4 to 38 mg/liter of sulfamethoxazole (0.125/2.4 to 2/38 mg/liter of trimethoprim-sulfamethoxazole, i.e., SXT) (Fig. 1a) . No significant differences in the MIC distributions between MDR-TB, XDR-TB, or isolates with other resistance patterns were observed. All isolates had MICs of Յ38 mg/liter of SMX, including the susceptible consecutive wild-type strains (n ϭ 14) tested by MGIT only (MIC range, 0.5/9.6 to 2/38 mg/liter of SXT) and the 84 strains tested with the 7H10 method. The MIC of H37Rv was 0.25/4.8 mg/liter of SXT in 7H10 in duplicates, and the MICs in MGIT for H37Rv tested on three different occasions were 0.5/9.6 to 1/19 mg/liter.
To evaluate extracellular and intracellular growth inhibition of SXT, the M. tuberculosis strain H37Rv (ATCC 27294) carrying the gene for Vibrio harveyi luciferase (H37Rv-lux) (12) was used. For the extracellular evaluation, bacterial inocula of H37rv-lux were exposed to SXT and to TMP and SMX separately and compared to an undiluted growth control, as well as a 1:100-diluted control, by measurement of luminescence. There was no synergistic effect of the combination of TMP and SMX. The extracellular MIC of SMX for H37Rv-lux was 19 mg/liter (Fig. 1b) .
To evaluate the intracellular growth inhibition of SMX, a THP-1 (Sigma-Aldrich, Stockholm, Sweden) macrophage model in 96-well plates was used. Following phagocytosis for 1 h with H37Rv-lux and extensive washing (12), the intracellular fraction was measured by luminescence reading after 5 days. Occasional bacilli might still be attached to the cell surface after phagocytosis, but as previously investigated by microscopy (12), these bacilli are either phagocytized or removed due to the extensive washing before exposure to the antibiotics. In order to evaluate the growth inhibition, the median value of the intracellular lysate fraction in the triplicates was normalized against the value for infected macrophages without antibiotic exposure within each experiment. The intracellular MIC 90 of SMX for H37Rv-lux was 76 mg/liter. A small number of viable bacilli was also found at 120 mg/liter, which may indicate intracellular survival even at high levels of SMX (Fig. 1c) .
We also performed an exploratory analysis of potential targets for the fAUC 0 -24 /MIC ratio (25, 50, and 75) for SMX. The probability of target attainment and cumulative fraction response values for different doses up to 7,200 mg of SMX with Monte Carlo simulations, using previously published pharmacokinetic results (13) , were determined as previously described (10) . The results are shown in Fig. S1a to c and Table S1 in the supplemental material. A cumulative fraction response of Ն90%, including MDR and XDR isolates, was reached at doses of Ն2,400 mg, Ն3,600 mg, and Ն7,200 mg of SMX using target indices of 25, 50, and 75, respectively (See Table S1 ). A fAUC 0 -24 /MIC ratio for SMX of Ͼ25 has been suggested for melioidosis (14) and TB (13), but there are no defined target values and our analysis should be interpreted with caution in relation to dose recommendations. Nevertheless, this analysis may aid dosing when more information about the appropriate pharmacodynamic targets for SMX in TB becomes available. There are a few case reports supporting the efficacy of SMX in TB treatment (2, 15) , but clinical outcome data are very limited.
In this study, we show that both drug-sensitive and MDR/ XDR-TB strains were inhibited by SXT, on both solid (Middlebrook 7H10) and liquid (MGIT) media. Moreover, SMX was more effective against extracellular than intracellular M. tuberculosis. The in vitro effect of SXT on M. tuberculosis has been shown in earlier studies, including 181 fully susceptible and 165 drugresistant isolates (102 MDR-TB and 6 XDR-TB) (2, 3, 5, 6, 9, 13, 15-17). The majority of both drug-sensitive and drug-resistant M. tuberculosis isolates were susceptible to SXT below 2/38 mg/liter, with no difference between the groups. Hence, our results support a tentative breakpoint for SXT against M. tuberculosis of 2/38 mg/ liter, as suggested by others (17) . A limitation of our MIC analysis is that we only analyzed a small number of wild-type and drugresistant M. tuberculosis isolates in MGIT, as this method is highly labor intensive. Nevertheless, MGIT has the advantage of accessibility in the clinical routine.
The high MIC 90 of 76 mg/liter in the intracellular model indicates that intracellular M. tuberculosis may not be accessible for treatment with SMX in therapeutic dosages. This implies that SMX should preferably be used during the first months of treatment, when the bacteria are mainly located extracellularly.
In conclusion, SXT was active against M. tuberculosis, including highly drug-resistant isolates, whereas it was less active inside macrophages. As SXT is an affordable and well-tolerated drug, it could be a treatment option in selected MDR-and XDR-TB cases in the initial phase. 
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